We tested the effect of copackaging retroviral vectors of different sizes on retroviral replication and recombination. Our results indicate little or no difference in replication or in the rate or pattern of the strand transfers leading to the formation of recombinant proviruses with size. The size difference of the vectors also allowed us to extend our previous analysis of the linkage of markers in the recombinant proviruses. We conclude that the observed linkage is inconsistent with the strand displacement/assimilation model of retroviral recombination.
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Retroviruses are unique among viruses in that retrovirus particles contain two complete copies of the viral genetic material (4, 32, 33) . The viral genetic material in the virion is a dimer composed of two retroviral plus-strand RNAs joined in a noncovalent linkage at a region near the 5' end of the genome which is called the dimer linkage sequence. Normally, the two single strands of retroviral RNA are identical, or at least very similar. However, the occurrence of nonhomologous recombination demonstrates that the two RNA molecules need not be identical. This process is illustrated by the formation of acutely transforming retroviruses following the capture of cellular proto-oncogenes by retroviruses (5, 34) . Several groups have recently developed model systems for the study of the nonhomologous recombination events that occur between genomes that are almost completely different (9, 28, 
35).
Many viruses accumulate numerous copies of their genetic material in the host cell which are used as substrates for recombination (24) . However, since retroviruses lack such a pool of recombination substrates, copackaging is required for retroviral recombination to occur at high frequency (11, 27) . Additionally, homologous recombination is thought to be important to retroviruses because it is a mechanism for recovery from damage to the viral RNA in the virion. Thus, the function of the retroviral dimer RNA may be to allow recombination to occur (20, 29) .
Another unusual feature of retroviruses is that they are RNA viruses that replicate through a DNA intermediate (4, 32, 33) . The virally encoded enzyme primarily responsible for the synthesis of viral DNA from the viral RNA template is called reverse transcriptase (1, 31) . Although many of the details of the mechanism are not yet understood, a model for reverse transcription which is widely accepted has been proposed (4, 8, 32, 33) . In addition, numerous studies have shown that reverse transcriptase makes mistakes during synthesis of viral DNA (3, 33) . These mistakes, which include base pair substitutions, frameshifts, deletions, deletions with insertions, homologous recombination, and nonhomologous recombination, result in high rates of retroviral variation (21, 22) . Retroviruses benefit from the high rates of variation through the ability to alter or increase their host range, to escape host defenses, and to escape antiretroviral therapy. According to the model of reverse transcription, reverse transcriptase is required to switch templates during viral DNA synthesis, which is unusual for a DNA polymerase. It has been proposed that the variation introduced by reverse transcriptase may be a consequence of the necessity for reverse transcriptase to be able to switch templates (30) .
It is possible that strand transfers, including those required for reverse transcription and those that result in recombination, may not occur efficiently unless the reverse transcription complex forms a specific higher order structure or conformation. Previously, we moved the dimer linkage sequence from the normal location at the 5' end of the genome to an alternate location close to the 3' end of the genome in an attempt to perturb retroviral replication and recombination. We were unable to detect differences in retroviral replication or recombination attributable to this alteration (15) . Thus, we concluded that the location of the dimer linkage sequence has little or no effect on retroviral replication and recombination (15) . An alternate strategy for perturbing a putative higher order structure is copackaging genomes of different sizes. For example, if the higher order structure requires a colinear alignment of the two genomes, then copackaging genomes that are very different in size should disrupt such an alignment.
We used previously characterized spleen necrosis virus (SNV)-based retroviral vectors and helper cells (6, 7, 11-13, 15, 16, 23) to study the strand transfers that occur during viral DNA synthesis in a single cycle of retroviral replication. Previously, we used small nearly identical retroviral genomes to study retroviral replication and recombination. In this study, the same small vectors that were described previously were used, and we also constructed modified vectors that have a much larger genome (Fig. 1) plasmid clones have the same name without the "p." Proviral clones pWH13 and pWH204 are derivatives of a strain of reticuloendotheliosis virus, SNV. SNV is a murine leukemia virus-like avian retrovirus (18, 33) . The cis-acting sequences necessary for retroviral replication are present on pWH13 and pWH204. These vectors contain the bacterial neomycin phosphotransferase gene (neo) and the hygromycin B phosphotransferase gene (hyg) (6) (Fig. IA) . The asterisks in Fig. IA indicate frameshift mutations introduced into neo of pWH13 and hyg of pWH204. Thus, pWH13 expresses only functional hyg, and pWH204 expresses only functional neo. As indicated by the vertical bars in Fig. 1A , additional minor changes were introduced into pWH204, resulting in a total of 10 restriction enzyme cleavage site differences between retroviral vectors WH13 and WH204. To generate the BIG vectors, the proviral clones of the small vectors, pWH13 and pWH204, were modified by insertion of a large piece of heterologous DNA into a Clal site between the hyg gene and the 3' long terminal Step 2, virus pools harvested from the step 1 cells were used to infect fresh helper cells. Helper cell clones that contained two parental proviruses for the combinations described in the text were isolated.
Step 3, virus pools were harvested from the step 2 producer cell clones and used to infect D17 target cells. The D17 target cells were selected with G418, hygromycin B, or both.
repeat (LTR) (Fig. 1 ). The piece of heterologous DNA inserted into pWH13 and pWH204 is the 4.6-kb SaIl-to-BssHII fragment of p623, a molecular clone of AKV, a murine leukemia virus (10) . The SalI-to-BssHII fragment of p623, which carries part of the pol region and all of the env and U3 regions, was made blunt with T4 DNA polymerase and ligated with pWH13 or pWH204 that had been digested with Clal and made blunt with T4 DNA polymerase. Clones of pWH13 containing the insert in the forward orientation were isolated and designated pWH13BIG (Fig. 1B) . Clones of pWH204 containing the insert in the forward and reverse orientations were isolated and designated pWH204BIG and pWH204BIGreverse, respectively ( Fig. lB and C The experimental protocols used have been described previously (11-13, 15, 16) and are summarized in Fig. 2 Recombinant proviruses. Although copackaging differentsized retroviral genomic RNAs had no detectable effect on the rate of retroviral recombination, this perturbation could have affected the strand transfers that occur during retroviral DNA synthesis. To determine if copackaging of different-sized retroviral genomic RNAs has any effect on the pattern of template switching during synthesis of viral DNA, we characterized the recombinant proviruses in doubler cells. Single, large, well-isolated doubler colonies were isolated and expanded, and cell lysates were prepared as previously described (13, 15, 16) . Genomic DNA from cell lysates of the doubler colonies was amplified by PCR, using primers specific for proviral sequences. The amplified products were further characterized by restriction endonuclease digestion and agarose gel electrophoresis as previously described (13, 15, 16) , except that additional PCR primers were synthesized for amplification of the BIG region ( Fig. 1 and sequences available upon request) . PCR analysis and restriction analysis were used to construct maps of the recombinant proviruses contained in the doubler cells. Maps representative of the classes of recombinant proviruses are shown in Fig. 3A through C. The sizes of the recombinant proviruses derived from the two BIG small combinations are strikingly different. In the WH204BIG + WH13 combination (Fig. 3B) , all of the recombinant proviruses we detected were small. On the other hand, about two-thirds (15/24; Fig. 3C ) of the proviruses we characterized from the WH204 + WH13BIG combination were large, and about one-third (9/24) were small. As shown in Fig. 3B and C, the most obvious difference in the combinations is the position of the BIG insert relative to the functional hyg gene. In the WH204BIG + WH13 combination (Fig. 3B) , BIG is adjacent to the nonfunctional hyg of WH204BIG, while in the WH204 + WH13BIG combination, BIG is adjacent to the functional hyg of WH13BIG. Thus, we are observing linkage of the markers in the 3' regions. This linkage is discussed further below.
DNA primer transfers. The pattern of restriction endonuclease digestion sites in the recombinant proviruses allowed us to determine the inter-or intramolecular nature of the minusstrand DNA primer transfers during viral DNA synthesis (12, 13, 15, 16, 20, 27) . In the maps of the recombinant proviruses (Fig. 3A through C) , 3' LTRs that are one color result from intramolecular minus-strand DNA primer transfers and 3' LTRs that are variegated result from intermolecular minusstrand DNA primer transfers. Consistent with our previous reports using various vectors and conditions, the recombinant proviruses from all three combinations, WH204 + WH13 (Fig. 3A) , WH204BIG + WHO3 (Fig. 3B) , and WH204 + WH13BIG (Fig. 3C) , contained a mixture of inter-and intramolecular minus-strand DNA primer transfers ( Table 1) . The patterns of the 3' LTRs of the recombinant proviruses derived from all three vector combinations is 70% intramolecular and 30% intermolecular.
Comparison of the color patterns of the 5' and 3' LTRs allows us to observe if the plus-strand DNA primer transfers that occurred during synthesis of the recombinant proviruses were inter-or intramolecular. For example, intramolecular plus-strand DNA primer transfer results in proviruses containing identical 5' and 3' LTRs. Intermolecular plus-strand DNA primer transfer results in a single provirus containing discordant LTRs; for example, one LTR is all white and the other LTR is all black. Consistent with previous reports from our laboratory and others, the majority of the recombinant proviruses contained identical 5' and 3' LTRs, indicating that the plus-strand DNA primer transfers were intramolecular (12, 13, 15, 16, 20, 27) . Several of the proviruses contained LTRs that are inconsistent with either inter-or intramolecular plus-strand DNA primer transfer and likely result from other alterations such as deletion or deletion with insertion (see below). Additionally, we were unable to amplify by PCR the extreme end in each of two proviruses in the WH204 + WH13BIG combination (data not shown). Because some of our PCR primers were at the ends of the viral sequences, this inability to use a specific primer represents at most a 20-base deletion or deletion with insertion (which could have occurred during integration) but could represent a more subtle alteration, such as a base substitution, that interferes with primer-template annealing during PCR.
Internal template switches. Color changes between the LTRs in the maps in Fig. 3A through C indicate that internal template switches or crossovers occurred. For all three vector combinations, proviruses containing one to three crossovers were detected, a finding consistent with our earlier studies with the small pair of vectors (Fig. 3A through C and data not  shown) . Previously, we noted that the markers in the 3' ends of the recombinant proviruses are linked (13, 15) . Hu and Temin (13) interpreted this result as inconsistent with plus-strand recombination as proposed in the strand displacement/assimilation model (14, 17, 26) . Briefly, the strand displacement/ assimilation model of retroviral recombination is based on the observation that internally initiated subgenomic plus-strand DNA fragments may be synthesized during reverse transcription (14, 17, 26) . As proposed by the strand displacement/ assimilation model of retroviral recombination, these fragments of internally initiated plus-strand DNA from one template are displaced (possibly by other transcription complexes), migrate to the other minus-strand DNA molecule, and are incorporated into the full-length plus-strand DNA (14, 17, 26) . Mismatches between the minus-strand DNA and the assimilated plus-strand DNA two strands during cell division. Transfer of a short strand of DNA would result in a recombinant provirus containing sequences derived from the one parent flanked by sequences from the other parent and loss of linkage. In our experiments, the internal hyg marker is required because of the selection protocol (Fig. 1) . Thus, recombination in the 3' half of the genome by the displacement/assimilation of a short fragment of DNA would result in loss of linkage between the hyg marker and the marker in the 3' U3. Recombination in the 3' half of the genome by the displacement/assimilation of a long plusstrand DNA fragment would result either in loss of linkage between the hyg marker and the marker in the 3' U3 or in a provirus with discordant 5' and 3' LTRs. We do not frequently observe proviruses with discordant LTRs (15, 16 , this study, and data not shown). Thus, if the strand displacement/assimilation model of retroviral recombination is correct, then we expect the linkage of markers to be 50%. Since DNA synthesis is 5' to 3', there would be no linkage to 3' markers if this strand displacement/assimilation model is correct.
There were no detectable template switches between the U3 marker and the marker in the middle of hyg in three/fifths of the recombinant proviruses derived from the pair of small vectors (Fig. 3A and data not shown) . This finding is similar to that of our previous report (15) and lower than that observed by Hu and Temin (12) . The large difference in the sizes of the genomes used in our experiments dramatically enhanced the linkage observations. The 3' end markers were linked in 100% of the recombinant proviruses that were characterized from the WH204BIG + WH13 combination (Fig. 3B and data not  shown) . For the WH204 + WH13BIG combination (Fig. 3C and data not shown), the linkage of the 3' end markers was 15 of 24, comparable to the results for the small pair. For all of the combinations of vectors, in the majority of the recombinant proviruses that did not contain linked 3' end markers, the minus-strand DNA primer transfer was to the 3' end of the vector that carried the defective hyg gene (Fig. 3 and data not shown).
Deletions and deletions with insertions. Several of the proviruses contained alterations (Fig. 3 and 4) . Following PCR amplification and restriction digestion of the center region, one of the recombinant proviruses from the combination of small vectors (WH204 + WH13; Fig. 3A) was not digested by either of the appropriate enzymes. Sequence analysis (cycle sequencing kit; Perkin-Elmer Cetus) of the region indicated that 34 bases were deleted from this region and 4 bases of unknown origin were inserted (Fig. 4A ). We found a provirus from the WH204BIG + WH13 combination that seems to have arisen following nonhomologous recombination (Fig. 3B , bottom, and 4B). Initially, we were surprised to detect this recombinant since the rate of nonhomologous recombination is about 2 to 3 orders of magnitude lower than the rate of homologous recombination (35) ; however, we have now characterized more than 300 proviruses (15, 16 , and this study), so detection of a single nonhomologous recombinant is likely. A provirus from the WH204 + WH13BIG combination was undigestible with the appropriate enzymes for the marker at the 5' end of the neo gene (Fig. 3C) , and sequence analysis showed that this provirus also contains a deletion of 18 bases (Fig. 4C) . The regions that were deleted from the proviruses represented in Fig. 4A and C are at the remnants of polylinkers that were used in the construction of the vectors. These polylinkers have previously been identified as hot spots for deletions and deletions with insertions (16) . Another provirus from the WH204 + WH13BIG combination was undigestible with the appropriate enzymes for the markers in U5 of the 5' LTR (Fig. 3C) . Sequence analysis showed that this provirus contains a deletion of 112 bases and was probably the result of an error during plus-strand DNA primer transfer (Fig. 4D) . The 3' end of this deletion is the primer binding site. The primer binding site has been identified previously as a hot spot for deletions and deletions with insertions, except that in previously identified deletions, the primer binding site was at the 5' end of the deletion (16, 23) .
Summary. In these experiments, we studied the retroviral replication and recombination of pairs of retroviral vectors that were nearly identical or in which one of the pair contained an inserted region of heterologous nucleic acid that more than doubled the size of the genome. We were unable to detect major differences in replication or in the rate or pattern of recombination for the various combinations, indicating that retroviral reverse transcription and recombination can tolerate major alterations to the viral dimer RNA. The differences in the sizes of the genomes allowed us to extend our previous observation that the markers in the 3' end of the genome are linked. We interpret this result to be inconsistent with plusstrand recombination as outlined in the strand displacement/ assimilation model (14, 17, 26) . Several proviruses containing deletions and deletions with insertions, and one provirus that had undergone nonhomologous recombination, were detected.
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